No cause is found for chronic cough in up to 40% of patients presenting to specialist cough centres. 1e3 Patients with unexplained chronic cough remain a challenge to manage as treatment options are limited. Patients are mainly women and they have a higher than expected prevalence of organ-specific autoimmune disease; many report the onset of cough around the menopause. 3e5 Quality of life studies have shown that in some domains of a generic quality of life score, patients with unexplained chronic cough have impairment equivalent to that seen in patients with severe chronic obstructive pulmonary disease. 6 Cross-sectional studies have shown that patients with unexplained chronic cough cough on average 477 times/24 h, 13 times more frequently than controls. 7 They have an increased cough reflex to inhaled capsaicin, an induced sputum neutrophilia, and raised concentration of mediators associated with neutrophilic airway inflammation, including interleukin 8 (IL-8), tumour necrosis factor alpha and prostaglandin E 2 (PGE 2 ). 8e10 We have previously noted a significant, independent association between the induced sputum neutrophil count and 24 h cough frequency 11 suggesting that there may be a causal link between neutrophilic airway inflammation and cough.
Long-term low-dose macrolides have been used successfully to treat respiratory conditions associated with neutrophilic inflammation of the airways, and have been shown to reduce the induced sputum neutrophil count. 12e14 We conducted a randomised double-blind placebo control study to test the hypothesis that 250 mg erythromycin given for 3 months reduces neutrophilic airway inflammation and 24 h cough frequency in patients with unexplained chronic cough.
METHODS Subjects
Patients with a chronic cough lasting more than 8 weeks were recruited from consecutive consenting patients attending the Leicester cough clinic from May to November 2008. They had normal spirometry, a provocative concentration of methocholine required to cause a 20% fall in forced expiratory volume in 1 s of more than 8 mg/ml, a normal induced sputum eosinophil count and a normal high resolution CT scan of the thorax. All subjects had failed treatment trials with a proton pump inhibitor with or without alginate and a nasal steroid spray with or without antihistamine of 2 months or more as per British Thoracic Society guidelines. 15 Exclusion criteria were current smokers or past smokers with a greater than 10 pack-year history, those with a history of intolerance to macrolide antibiotics and pregnant/breastfeeding women. No patients took any specific therapy for cough during the study. Written consent was obtained from all patients and the study was approved by the Leicestershire, Northamptonshire and Rutland research ethics committee and the Medicines and Healthcare Regulatory Authority. The international standard randomised control trial number for this study is ISRCTN75393495.
Study design
Patients attended for two initial baseline visits. Spirometry was performed on the first visit. The Leicester cough monitor was then attached and the patients were asked to return 24 h later. On the second visit the Leicester cough monitor was removed after which the patients underwent a capsaicin cough challenge, sputum induction and completed the Leicester cough questionnaire (LCQ) and a cough visual analogue score (VAS). They were then randomly assigned to receive 250 mg erythromycin stearate or placebo (cellulose) as identical capsules once a day for 12 weeks in a double-blind parallel group study. Baseline measurements were repeated at the same time of day, 2 h after ingestion of the study drug at 6, 12 and 24 weeks.
Randomisation was carried out before commencement of the study by pharmacy independent of blinded trial staff. Randomisation was in blocks of four (two erythromycin/two placebo) and numbers from 1 to 6 from a Geigy random number generating table. Patients were automatically dispensed the next allocated treatment.
Analysis
Cough frequency, concentration of capsaicin required to cause two (C2) and five (C5) coughs, sputum eosinophil differential count and sputum supernatant IL-8 concentrations were log transformed to assume normality before analysis. Our primary endpoint was a change in log 24 h cough frequency from baseline to 12 weeks as we anticipated that any drug effect would be greatest at this time. Secondary endpoints were changes in induced sputum neutrophils differential cell count, sputum bacterial colonies, log C2, C5, cough VAS and LCQ. Mixed design analysis of covariance with sidicks contrast 16 was used to compare results with the pre-treatment result used as the covariate to account for baseline differences. We performed an intention to treat analysis; subjects withdrawing after randomisation were assigned post-treatment values using the last value carried forward. Our original target recruitment population was 20 patients per treatment arm. This gave us 80% power to detect a 50% reduction in 24 h cough frequency (a¼0.05) with active treatment compared with placebo based on our previous data showing a mean log 24 h cough frequency of 2.68 and a within-subject log SD of 0.3. Statistical analysis was performed using SPSS 16.
RESULTS
Thirty-five consecutive patients diagnosed with unexplained chronic cough attending the Leicester cough clinic were approached between May and November 2008. Thereafter recruitment had to be closed because the supplier of erythromycin and placebo ceased production of matched placebo. Thirty consented to take part in the study and were randomly assigned (erythromycin n¼15, placebo n¼15). Two patients withdrew from the study due to personal reasons. Twenty-eight patients completed the study (erythromycin n¼13, placebo n¼15; figure 1) .
Patients' baseline demographic information is shown in table 1. Coughs per 24 h were statistically significantly higher at baseline in the placebo group compared with the erythromycin group. All other baseline characteristics were comparable in both groups. Induced sputum samples were obtained in 76 out of 90 samples (84%). All patients who completed the study showed greater than 95% compliance with the treatment prescribed. Two patients in the placebo group reported abdominal discomfort at the 6 week visit, which resolved by the 3 month visit. One patient in the erythromycin group reported dizziness at the second visit, which resolved within a week.
Results are shown in table 2. Geometric mean 24 h cough frequency at baseline and 12 weeks was 536 and 390 (mean fold difference 0.7; 95% CI 0.6 to 0.9) with placebo and 353 and 243 (mean fold difference 0.7; 95% CI 0.5 to 1.0) with erythromycin. After adjusting for baseline differences there was no difference in the change in cough frequency between placebo and erythromycin groups at 12 weeks (mean difference in fold change 1.1; 95% CI 0.7 to 1.5; p¼0.585) or at other times (figure 1). The induced sputum neutrophil count reduced from 67.8% to 56.6% after 12 weeks treatment with erythromycin. There was a statistically significant between-treatment difference in the change in sputum neutrophils at 12 weeks (À10.2% vs +6.6% with erythromycin and placebo, respectively; mean difference 16.8%; 95% CI 1.6 to 32.1%; p¼0.03) but no difference at other times (table 2, figure 2 ). There was no difference in the change in LCQ, cough VAS, log C2 or log C5 between treatments (figure 2). Haemophilus influenzae, Streptococcus pneumoniae and Moraxella catarrhalis were not isolated from sputum samples at any time point, and the log bacterial colony forming units was unchanged with active and placebo treatment (table 2) . Sufficient paired sputum supernatant was available to measure IL-8 in six patients randomly assigned to erythromycin and 10 to placebo. The geometric mean sputum supernatant IL-8 concentration was 9.15 and 8.09 ng/ml before and 12 weeks after erythromycin treatment and 12.11 and 26.10 ng/ml before and 12 weeks after placebo treatment (mean difference in fold change 2.9; 95% CI 0.9 to 9.5; p¼0.08; table 2).
DISCUSSION
Unexplained chronic cough is a common condition responsible for considerable morbidity. 1e3 There are currently no satisfactory treatments. Our study is one of the first to evaluate a potential new treatment. We used a wide range of objective and subjective measures of cough severity, as have been recommended. 1 We found no difference between the placebo and erythromycin group in any measure of cough severity, although there was a reduction in sputum neutrophil percentage with erythromycin at the end of the treatment period. Although we were not able to reach our target recruitment population, our study was sufficiently powered to exclude a halving in 24 h cough frequency and a clinically important reduction in LCQ, 17 making it unlikely that we missed a clinically important effect. Our findings imply that cough in patients with unexplained chronic cough is caused by a mechanism independent of neutrophilic airway inflammation.
Our rationale for investigating the effect of erythromycin was based on evidence from cross-sectional data indicating that neutrophilic airway inflammation is present in patients with unexplained cough, 10 and is independently associated with 24 h cough frequency in a mixed population. 11 Moreover, mediators associated with neutrophilic airway inflammation, notably PGE 2 , have been implicated in causing a heightened cough reflex. 18 19 Our finding that long-term macrolide therapy reduced the sputum neutrophil count is consistent with findings in other inflammatory airway diseases. 12 14 However, the anti-inflammatory effect of erythromycin was not associated with clinical benefit. Treatment reduced the sputum neutrophil count into the normal range, 20 making it unlikely that the absence of clinical effect was due to insufficient dose, a suboptimum macrolide regime or insufficient suppression of inflammation, although these possibilities cannot be excluded with complete confidence. Further work evaluating a wider dose range, potentially more efficacious macrolide regimes and more efficacious inhibitors of neutrophilic airway inflammation will be required to do this.
The mechanism of the anti-inflammatory effect of long-term low-dose macrolide antibiotics in inflammatory airway diseases is incompletely understood. We did not detect clinically significant pathogens on sputum culture and bacterial colony forming units were low and unaffected by treatment, suggesting that the effect was not due to the effect of macrolide antibiotics on detectable pathogens. An inhibitory effect on intracellular organisms such as Mycoplasma pneumoniae or Chlamydia Table 2 Mean (SD) and *geometric mean (log SD) fold change in parameters from baseline to immediately post-treatment at 12 weeks with between-group differences and 95% CI pneumoniae is possible. We found a trend to reduced IL-8 concentrations with erythromycin treatment compared with placebo, raising the possibility that inhibition of this cytokine might be important. Studies of human airway epithelium in vitro show that erythromycin inhibits the expression of IL-8, 21 and there is evidence that macrolide antibiotics reduce sputum IL-8 concentrations in asthma 12 supporting such an effect. The sputum supernatant data should be interpreted cautiously as only half of the patient population had sufficient paired sputum supernatant to do mediator assays and we cannot exclude the possibility that this represented a biased population. The lack of available sputum supernatant also means that we were unable to measure other mediators potentially more relevant to the genesis of cough such as PGE 2 . This means that we cannot exclude the possibility that erythromycin had a differential inhibitory effect on neutrophilic airway inflammation and associated tussive mediators.
Our study is notable in that it used an automated measurement of cough frequency as an outcome measure. We have previously shown that the Leicester cough monitor is a quick and valid method of measuring cough frequency. 7 Detailed evaluation of day-time cough recordings has shown a sensitivity of 80e90% and a specificity of 99.8%, and automated 24 h cough counts have been shown to correlate closely with blinded manual counts. 7 An unexpected finding of the current study was the large reduction in 24 h cough frequency and improvement in LCQ seen with placebo treatment. Regression to the mean is an unlikely explanation for this reduction as our patients reported chronic cough for many years before study entry. The existence of such an effect supports suggestions that the traditional uncontrolled 'treatment trial' approach to the evaluation of patients with chronic cough is flawed, particularly if 24 h cough frequency is used to assess treatment response. 1 The cause of unexplained chronic cough remains unclear and therefore there is uncertainty as to where drug treatment should be targeted. Opioid drugs have been used as an antitussive agent but results are mixed, 22 23 and there is uncertainty about how acceptable more potent opiates would be to patients. Nebulised local anaesthetic agents 24 and speech therapy intervention 25 with an emphasis on voluntary cough suppression have been shown to be effective in preliminary studies, although those studies were unblinded and did not evaluate cough in sufficient detail to be sure about the benefits or the mechanism of the effect. There thus remains an important unmet need for effective treatments for an important group of patients. Our study should help researchers design and power future clinical trials; it should also direct researchers away from treatments targeting neutrophilic airway inflammation.
